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Figure 5.5: X-velocity component contours for   = 150 degrees.
Figure 5.6: Temperature contours for   = 180 degrees.
Material response
-Heat conduction, internal chemical 
reactions (pyrolysis), radiative 
emission, gas flow through porous 
media, etc.
-Thermal response code, simplistic 
assumptions (steady state 
conduction, radiative emission), etc.
Flowfield
-Reacting flow, thermal 
non-equilibrium, radiation, 
strong shocks, boundary 
layer, transition, etc.
-CFD, DSMC, simplistic 
relations (Fay-Riddel, 
Newton, etc.)
Apollo Capsule (Scalabrin, 2005)
2
Surface chemistry
-Ablation (diffusion, oxidation, 
sublimation), catalysis, melting
-Tables, chemistry model in the 
flow, chemistry model in the 
material response
TPS modeling
5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
Using a novel carbon/phenolic in air chemistry model, 
assess the effects of blowing gases in reducing heat 
fluxes on a capsule during re-entry.
3
Goal
5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
• Ablation species are obtained through a loose coupling of CFD 
and material response codes, and a chemical equilibrium 
calculation at the wall
•  The process was used on the Stardust trajectory and the 
projected CEV lunar return trajectory
• Using the GRI-MECH chemical database, all reactions that 
contain those species are selected
4
Chemistry model
The flow field chemistry model accounts for the 
chemical species formed during ablation of a charring 
carbon/phenolic ablator in air
5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
•Air species and reactions are replaced by the 11 species air model 
from Park 
•Using SENKIN (of the CHEMKIN package), a sensitivity analysis is 
performed on temperature and the rate of production of CN, CO, OH 
and H2O
• The reduced model has 38 species and 158 reactions
5
Chemistry model
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Figure 2. Comparison with experiments of various kinetic rates for the CN + O ⌦ CO + N reaction
IV. Experimental comparisons
In order to validate the proposed complete model, multiple zero dimensional simulations are performed
using the CHEMKIN27 package, and compared to available experimental data. The experiments presented
here are selected because they are typical of an ablative boundary layer during hypersonic re-entry. As can
be seen in Fig. 3, the model fits the data remarkably well, which is expected since some of the presented
experiments were used to validate and even compute the kinetic rates used in the model.
V. Reduced model
A. Species and reactions selection
Following the methodology developed in Ref. 10 for Titan atmospheric entries, the complete model is sim-
plified to a reduced model. In order to do so, a sensitivity analysis is performed using the software SENKIN,
part of the CHEMKIN package.27 The parameters deemed relevant for ablating Earth entry, and which
are used for the sensitivity analysis, are the temperature and the number density of CN, CO, H2O and
OH. Validation is performed via a zero dimensional analysis. In order to perform a sensitivity analysis, a
parameter space based on temperature, pressure and gas composition is defined. Because carbon-phenolic
ablation starts around 700 K, this value are chosen as the lower temperature boundary. Because the ablating
gas is not expected to leave the boundary layer, the value of 6000 K is selected for the upper temperature
value. For the pressure, a minimum of 1  10 4 atm and a maximum of 0.5 atm is chosen; these values are
based on the re-entry trajectories presented (partially) in Fig. 1. The red square in that figure illustrates
this parameter space.
Figure 4 shows an exa ple of this type of analysis; only the reactions hat have a sensitivity of 1% of
the maximum sensitivity are shown.
The sensitivity analysis is also used to eliminate the unimportant species based on the criterion that
these species have a molar concentration of no more than 1%. From this analysis, the species that are kept
are:
C2H, C2H2, C3, CH3, CH4, CO, CO2, H, H2, H2O, HCN, N, N2, NO, O, O2, OH
The ionized air species also need to be kept because of their presence in the shock layer (which is not part
of this analysis), as well as their possible interaction with boundary layer species. Therefore, the following
are also kept:
N2+, N+, O+, NO+, O+2 , CO
+, C+, H+ e 
As mentioned earlier, some molecules do not exist in significant concentration, but allow important, if
not crucial, reactions to take place, and therefore, need to be present in the models. The species that are
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ablation starts around 700 K, this value are chosen as the lower temperature boundary. Because the ablating
gas is not expected to leave the boundary layer, the value of 6000 K is selected for the upper temperature
value. For the pressure, a minimum of 1  10 4 atm and a maximum of 0.5 atm is chosen; these values are
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Figure 4. Temperatur ensitivity analysis for the complete model: T = 3250 K and P = 0.5 atm, with a
initial composition compute from a Stardust re-entry equilibrium wall. Only the reactions with more than 1%
of maximum sensitivity values are shown.
deemed important are:
CH, CH2, C, C2, NCO, NH, HNO, HCO, H2O2, HO2
Finally, because of their radiative properties, the following species are also included in the reduced model:
CN, CN+
Using the present sensitivity analysis, it is possible to significantly reduce the number of chemical equa-
tions in the model. Therefore, the equations that provides a relative sensitivity of less than 1% of the
maximum overall sensitivity (Fig. 4) are removed. The 131 reactions considered are listed in Table 4; the
kinetic rates k are presented in a modified Arrhenius format, using the following equation:
k = ATne Ta/T
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5th Ablation Workshop
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• A multi-dimensional, massively parallel CFD code
for the simulation of weakly ionized
hypersonic flows in thermo-chemical
non-equilibrium 
• Uses METIS for domain decomposition and MPI
for inter-processor communications
• Solves the Navier-Stokes equations
with finite-rate chemistry
and internal energy relaxation
• Solves the equations over a mixed
unstructured grid
• Uses an Arbitrary Lagrangian-Eulerian
approach for mesh deformation
• Calculates the inviscid fluxes using
a modified form of the Steger-Warming
Flux Vector Splitting scheme
• Computes steady state solutions by integrating over time
with a point implicit or line implicit method
• Uses a blowing wall boundary condition (mass balance and momentum
conservation) and can be coupled to a material response code for energy balance.
6
RCS thruster on MSL
(Alkandry, 2010)
LeMANS
5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
7
• Stardust return capsule (fastest re-entry for a 
man made object)
• PICA heat shield
• Conditions in the Echelle period (where 
spectroscopic measurements were made)
model and species thermal conductivities determined using Eucken’s relation, and the other uses Gupta’s
mixing rule with species viscosities and thermal conductivities calculated using non-coulombic/coulombic
collision cross section data. Heat fluxes are modeled according to Fourier’s law for all temperatures. Finally,
the source terms of the species conservation equations are modeled using a standard finite-rate chemistry
model for reacting air in conjunction with Park’s two-temperature model to account for thermal nonequilib-
rium e ects on the reaction rates.
Numerically, the code has the capability to handle meshes containing any mix of hexahedra, tetrahedra,
prisms and pyramids in 3D, or triangles and quadrilaterals in 2D. Numerical fluxes between the cells are
discretized using a modified Steger-Warming Flux Vector Splitting scheme, which has low dissipation and
is appropriate to calculate boundary layers. A point or line implicit method is used to perform the time
integration. The code has been extensively validated against experimental data, and has also been compared
to other similar codes such as NASA Ames’ DPLR14 and NASA Langley’s LAURA.48
To account for the coupling between the flow field and the material response, the e ects of ablation
are added to the CFD code; therefore, a modification to the surface boundary condition is necessary. The
physical values at the wall are obtained by solving the conservation of momentum:
pnc + ⇥ncv
2
nc = pw(⇥w, Tw) + ⇥wv
2
w
as well as the species surface mass balance equation:
⇥wDws
⇤Yws
⇤ 
= m˙
 
Ygs   Yws
 
The surface energy balance equation does not need to be solved in the present anaysis as the wall temperature,
blowing rates and blowing species are imposed and not calculated.
Once values are computed for the primitive variables, the conservative quantities in the ghost cells of
the boundary are set such that the flux across the wall is the required blowing flux. This blowing boundary
condition has been tested over a wide range of blowing rates, assuring the robustness of the implementation.
Following the same methodology for the verification and validation of NASA Ames’ DPLR code49 and NASA
Langley’s LAURA code,50 the blowing boundary of LeMANS has also been verified and validated.7,51
IV. Test-case: Stardust re-entry vehicle
A. Problem description
In order to evaluate and validate the model in LeMANS, the forebody of the Stardust return capsule is
modeled during the first 10 seconds of its re-entry in the continuum regime.52 These re-entry points are
chosen because they also correspond to the eriod where spectral emission data was measured by the Echelle
instrumentation. The geometry and mesh are presented in Fig. 3 and the flow and surface parameters in
Tables 2 and 3, respectively. Gibb’s Free Energy is used to calculate the equilibrium constants needed for the
backward reaction rates, and the transport properties are calculated from Lennard-Jones potentials, using
CHEMKIN,20 to produce individual species temperature dependant viscosity curve fits.
Table 2. Free stream conditions for the Echelle period of the trajectory of the Stardust re-entry vehicle
Time Altitude U⇥ T⇥  ⇥ YN2 YO2 Kn
[s] [km] [km/s] [K] [kg/m3]
34 81.0 12.4 218. 1.27 ⇥10 4 0.763 0.237 0.00645
36 78.5 12.3 218. 1.87 ⇥10 4 0.763 0.237 0.00432
38 76.0 12.3 219. 2.72 ⇥10 4 0.763 0.237 0.00292
40 73.5 12.2 220. 3.92 ⇥10 4 0.763 0.237 0.00203
42 71.2 12.1 222. 5.55 ⇥10 4 0.763 0.237 0.00145
44 68.9 11.9 224. 7.72 ⇥10 4 0.763 0.237 0.00105
The values obtained for the surface temperature and blowing rates are only valid at the stagnation point.
Those two parameters are expected to be significantly lower elsewhere on the forebody of the vehicle. To
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Stardust test-cas
(a) Geometry and overall mesh (b) Stagnation region mes
Figure 1. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison
(a) Surface temperature (b) Surface blowing rate
Figure 2. Surface temperature and blowing rates at 42 s (71 km) for Stardust
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r = 0.02 m
r = 0.22 m
59.5°
(a) Geometry and overall mesh (b) Stagnation region mesh
Figure 3. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison
Table 3. Wall condition at the stagnation point for the Echelle period of the trajectory of the Stardust re-entry
vehicle
Time Tw m˙w YN2 YCO YH2 YH2O
[s] [K] [kg/m2/s]
34 2890. 0.0214 6.16 ⇥10 1 2.32 ⇥10 1 1.52 ⇥10 2 6.85 ⇥10 2
36 2970. 0.0264 6.14 ⇥10 1 2.34 ⇥10 1 1.52 ⇥10 2 7.32 ⇥10 2
38 3070. 0.0299 6.49 ⇥10 1 1.75 ⇥10 1 1.08 ⇥10 2 4.88 ⇥10 2
40 3150. 0.0378 6.54 ⇥10 1 1.65 ⇥10 1 9.38 ⇥10 3 5.41 ⇥10 2
42 3240. 0.0453 6.75 ⇥10 1 1.23 ⇥10 1 5.76 ⇥10 3 5.23 ⇥10 2
44 3310. 0.0549 6.78 ⇥10 1 1.25 ⇥10 1 7.21 ⇥10 3 3.08 ⇥10 2
Time YOH YO YCO2 YNO YO2 YN
[s]
34 1.94 ⇥10 2 1.24 ⇥10 2 2.72 ⇥10 2 4.93⇥10 3 5.05⇥10 3 0.00
36 1.72 ⇥10 2 9.18 ⇥10 3 2.94 ⇥10 2 4.38 ⇥10 3 4.02 ⇥10 3 0.00
38 3.21 ⇥10 2 3.75 ⇥10 2 1.92 ⇥10 2 1.22 ⇥10 3 1.52 ⇥10 2 0.00
40 3.19 ⇥10 2 3.33 ⇥10 2 2.30 ⇥10 2 1.30 ⇥10 2 1.72 ⇥10 2 0.00
42 3.30 ⇥10 2 3.68 ⇥10 2 2.70 ⇥10 2 1.74 ⇥10 2 2.99 ⇥10 2 0.00
44 3.71 ⇥10 2 6.46 ⇥10 2 1.22 ⇥10 2 2.08 ⇥10 2 2.44 ⇥10 2 7.84 ⇥10 5
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Figure 3. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison
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Time YOH YO YCO2 YNO YO2 YN
[s]
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(a) Geometry and overall mesh (b) Stagnation region mesh
Figure 3. Geometry and mesh of th Star ust re-entry capsule, used for the chemistry model comparison
Table 3. Wall condition at the stagnation p int for th Echelle period of the trajectory of the Stardust re-entry
vehicle
Time Tw m˙w YN2 YCO H2 YH2O
[s] [K] [kg/m2/s]
3 2890. 0.0214 6.16 ⇥10 1 2.32 ⇥10 1 52 6 85
36 2970. 0.0264 6.14 ⇥10 1 2.34 ⇥10 1 5 7 32 2
38 3070. 0.0299 6.49 ⇥10 1 1.75 ⇥10 1 1 08 4 88
40 3150. 0.0378 6.54 ⇥10 1 1.65 ⇥10 1 9 38 3 5 41
42 3240. 0.0453 6.75 ⇥10 1 1.23 ⇥10 1 5 76 3 5 23
4 3310. 0.0549 6.78 ⇥10 1 1.25 ⇥10 1 7 2 3 3 08
Time YOH O YC 2 YNO YO2 YN
[s]
34 1.94 ⇥10 2 1.24 ⇥10 2 2.72 ⇥10 2 4.93⇥1  3 5.05⇥10 3 0.00
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42 3.30 ⇥10 2 3.68 ⇥10 2 2.70 ⇥10 2 1.74 ⇥1  2 2.99 ⇥10 2 0.00
44 3.71 ⇥10 2 6.46 ⇥10 2 1.22 ⇥10 2 2.0 ⇥10 2 2.44 ⇥10 2 7.84 ⇥10 5
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• Valid for Stardust calculations, since almost no surface recession was observed
• Heat fluxes are first obtained with a CFD code
• Blowing rate, surface t mperature and blowing species mass fractions are 
obtained using  u coupled material response (MR) code
• Using t e pre sure (CFD), temperature (MR) and eleme tal mass fractions 
(MR), the blowing species mass fractions at equilibrium are obtained using a 
chemistry code
Stardust: blowing boundary conditions
5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
Surface temperature and blowing rate
9
Stardust: surface properties
(a) Geometry and overall mesh (b) Stagnation region mesh
Figure 1. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison
(a) Surface temperature (b) Surface blowing rate
Figure 2. Surface temperature and blowi g rates at 42 s (71 km) for Stardust
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Stagnation line temperatures
10
Stardust 76 km
Individual heat flux components(a) Stagnation line temperatures (b) Surface heat fluxes
(c) Air species (d) Surface blowing species
(e) High concentration species (f) Low concentration species
Figure 5. Species concentrations along the stagnation line for the Stardust re-entry vehicle at an altitude of 76 km (38
s into re-entry)
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Species concentrations along the stagnation line at 76 km: air species
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Stardust: gas composition(a) Stagnation line temperatures (b) Surface heat fluxes
(c) Air species (d) Surface blowing species
(e) High concentration species (f) Low concentration species
Figure 5. Species concentrations along the stagnation line for the Stardust re-entry vehicle at an altitude of 76 km (38
s into re-entry)
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Species concentrations along the stagnation line at 76 km: blowing species
12
Stardust: gas composition(a) Stagnation line temperatures (b) Surface heat fluxes
(c) Air species (d) Surface blowing species
(e) High concentration species (f) Low concentration species
Figure 5. Species concentrations along the stagnation line for the Stardust re-entry vehicle at an altitude of 76 km (38
s into re-entry)
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Species concentrations along the stagnation line at 71 km: important species
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Stardust: gas composition
(a) Stagnation line temperatures (b) Surface heat fluxes
(c) Air species (d) Surface blowing species
(e) Hi h concen ration species (f) Low concentration species
Figure 5. Species concentrations along the stagnation line for the Stardust re-entry vehicle at an altitude of 76 km (38
s into re-entry)
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5th Ablation Workshop
Feb. 28 - Mar 1,  Lexington, Kentucky
Species concentrations along the stagnation line at 71 km: other species
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Stardust: gas composition
(a) Stagnation line temperatures (b) Surface heat fluxes
(c) Air species (d) Surface blowing species
(e) High concentration species (f) Low concentration species
Figure 5. Species concentrations along the stagnation line for the Stardust re-entry vehicle at an altitude of 76 km (38
s into re-entry)
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•Most blowing species are immediately destroyed as soon as they 
enter the flow (CO and OH tend to stay longer, depending on 
the re-entry points)
•Two atomic species, H and C, are created in high concentration 
near the boundary, as is CN 
•CN eventually decreases as it enters the high temperature 
region, and is ionized into CN+
•HNO and NH appear in the shock region; these species were 
neglected in past models
•Species that are not created in high concentration remain 
important as they appear at lower altitudes, or on other 
trajectories
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Stardust: heat reduction
(a) Stagnation line trans.-rot. tempera-
ture
(b) Stagnation line trans.-rot. tempera-
ture near the wall
(c) Trans.-rot. energy heat flux
Figure 9. Blowing reduction e↵ects on the translational-rotational energy at 81 km
(a) Stagnation line trans.-rot. tempera-
ture
(b) Stagnation line trans.-rot. tempera-
ture near the wall
(c) Trans.-rot. energy heat flux
Figure 10. Blowing reduction e↵ects on the translational-rotational energy at 76 km
(a) Stagnation line trans.-rot. tempera-
ture
(b) Stagnation line trans.-rot. tempera-
ture near the wall
(c) Trans.-rot. energy heat flux
Figure 11. Blowing reduction e↵ects on the translational-rotational energy at 68.9 km
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Figure 11. Blowing reduction e↵ects on the translational-rotational energy at 68.9 km
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Stardust: heat reduction
Heat reduction by blowing effects at 76 km
(a) Stagnation line trans.-rot. tempera-
ture
(b) Stagnation line trans.-rot. tempera-
ture near the wall
(c) Trans.-rot. energy heat flux
Figure 9. Blowing reduction e↵ects on the translational-rotational energy at 81 km
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Figure 10. Blowing reduction e↵ects on the translational-rotational energy at 76 km
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ture near the wall
(c) Trans.-rot. energy heat flux
Figure 11. Blowing reduction e↵ects on the translational-rotational energy at 68.9 km
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(a) Re-ent y altitud of 81 km (b) Re-entry altitude of 76 km (c) Re-entry altitude of 68.9 km
Figure 12. Blowing reduction e↵ects on the vibrational-electronic-electron heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 76 km (c) Re-entry altitude of 68.9 km
Figure 13. Blowing reduction e↵ects on the mass di↵usion heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 78.5 km (c) Re-entry altitude of 76 km
(d) Re-entry altitude of 73.5 km (e) Re-entry altitude of 71.2 km (f) Re-entry altitude of 68.9 km
Figure 14. Relative contribution of individual components of the heat flux using the blowing boundary condition
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Figure 12. Blowing reduction e↵ects on the vibrational-electronic-electron heat flux
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Figure 13. Blowing reduction e↵ects on the mass di↵usion heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 78.5 km (c) Re-entry altitude of 76 km
(d) Re-entry altitude of 73.5 km (e) Re-entry altitude of 71.2 km (f) Re-entry altitude of 68.9 km
Figure 14. Relative contribution of individual components of the heat flux using the blowing boundary condition
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Stardust: heat reduction
Heat reduction by blowing effects at 76 km
Mass diffusion heat flux Relative heat fluxes
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 76 km (c) Re-entry altitude of 68.9 km
Figure 12. Blowing reduction e↵ects on the vibrational-electronic-electron heat flux
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Figure 13. Blowing reduction e↵ects on the mass di↵usion heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 78.5 km (c) Re-entry altitude of 76 km
(d) Re-entry altitude of 73.5 km (e) Re-entry altitude of 71.2 km (f) Re-entry altitude of 68.9 km
Figure 14. Relative contribution of individual components of the heat flux using the blowing boundary condition
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Figure 14. Relative contribution of individual components of the heat flux using the blowing boundary condition
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•The shock is significantly moved away from the surface of the 
vehicle
•This changes the shape of the curves, and therefore affects the 
gradient at the wall
•However, there is no direct correlation with the change in 
steepness of the gradient and the heat flux reduction
•The most important effect that contributes to heat 
flux reduction is the composition of the gas in the 
boundary layer by way of modifying the gas phase 
conductivity
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Stardust: heat reduction
Relative contribution of individual components of the heat flux with the blowing effects
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 76 km (c) Re-entry altitude of 68.9 km
Figure 12. Blowing reduction e↵ects on the vibrational-electronic-electron heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 76 km (c) Re-entry altitude of 68.9 km
Figure 13. Blowing reduction e↵ects on the mass di↵usion heat flux
(a) Re-entry altitude of 81 km (b) Re-entry altitude of 78.5 km (c) Re-entry altitude of 76 km
(d) Re-entry altitude of 73.5 km (e) Re-entry altitude of 71.2 km (f) Re-entry altitude of 68.9 km
Figure 14. Relative contribution of individual components of the heat flux using the blowing boundary condition
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•The translational-rotational component always contributes the 
most
•The amount of blowing has a direct and linear influence on the 
translational-rotational heat flux
•An increase in blowing rates has a major impact on the overall 
heat flux
•The mass diffusion heat flux increases but does not become the 
dominant component
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• Performed using the NASA code NEQAIR
• Non-equilibrium radiative transport (tangent slab method)
22
Temperatures and radiating species concentrations along the stagnation line at 71 km (42 s)
Stardust: radiative emission
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Stardust: spectra comparison
• CN emission has a close match for 81km and is over-evaluated by a 
factor of 2 for 71 km, which is remarkably good
• CN calculation are run independently of the air calculations, and in the 
latter case, the N2+ system was omitted because of known issues with 
the software
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(a) 81 km: 34s into re-entry
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(b) 71 km: 44s into re-entry
Figure 15. Spectral emission for the Startdust re-entry vehicle at 81 km and 71 km
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• A comprehensive chemistry model for computing the flow around a re-entry vehicle 
using an ablative heat shield is used in a CFD code to evaluate the mechanisms of heat 
reduction
• As expected, the convective heat flux predicted using the new model was significantly 
reduced when compared to a fixed temperature boundary condition, whether a non-
catalytic or a super-catalytic wall is used
• At chemical equilibrium injection conditions, most species blown from the surface 
immediately react in the flowfield and are transformed
• These results indicate the need to use an appropriate chemistry model in the flow field, 
and that the chemistry model should be significantly different than that used to model 
pyrolysis gas behavior inside the TPS
• Also, it was observed that the blowing rates were directly proportional to the mass 
diffusion heat flux, which in turn was directly proportional to the reduction of the 
translational-rotational conduction heat flux
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•The main source of heat flux reduction is by the translational-
rotational conduction component, for all trajectory points
• This clearly indicates that the chemical composition of the boundary layer is of great 
importance, and that the diffusion coefficients of each species, as well as the mixing 
rules, must be calculated with great care
• Flow field results were used to perform a radiative spectral emission analysis for CN, 
using NEQAIR, which was then compared to the Echelle experimental data with a good 
agreement
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